Introduction

Plant-parasitic nematodes
Plant-parasitic nematodes (PPNs) attack the majority of economically important crops, causing a global yield loss of up to 12.3% on average. In certain crops, such as bananas, losses may increase up to 30% (Sasser and Freckman, 1986) . PPNs are obligate biotrophs that feed on almost all plant tissues including flowers, roots, stems, and leaves but most species of PPNs feed on roots. All PPNs, regardless of their feeding habits, possess a specialized mouth spear called a stylet which enables penetration through cell walls and facilitates feeding on plant cells.
PPNs are broadly classified on the basis of their feeding habits into either endoparasites or ectoparasites. Ectoparasitic nematodes do not enter the plants but use their stylet to feed on the plant tissue from the root surface. Depending on the length of the stylet, they may take up nutrients from different cell types or tissues, such as root hairs, epidermis, cortex, and vascular tissues. After having fed for a certain period, they move on in search of a new feeding location. Because of their lifestyle, single ectoparasitic nematodes cause relatively little damage to the plant tissues compared with endoparasitic nematodes (Hussey and Grundler, 1998 ). An example of ectoparasitic nematodes is Xiphinema sp. (dagger nematode) which feeds on a number of economically important crops such as grape vine and figs (Jones et al., 2013) .
Unlike ectoparasitic nematodes, migratory endoparasitic nematodes completely enter their host, moving through the different tissue layers destroying many cells during penetration. They carefully pierce the cell wall with their stylet, release saliva into the cytoplasm, and then feed on it. When feeding is completed, the cell wall is further opened with the stylet and the nematode enters the cell, thereby destroying it. Migratory endoparasitic nematodes of economic importance include the genera Radopholus (burrowing nematodes), Pratylenchus (lesion nematodes), and Hirschmanniella (primarily rice root nematodes).
Economically, the most important group of PPNs is a small group of sedentary endoparasitic nematodes that includes root-knot nematodes (Meloidogyne spp.) and cyst nematodes (Globodera spp. and Heterodera spp.). The infective-stage juveniles (J2s) of both types enter the roots and migrate towards the vascular cylinder with different migration habits. For invasion, J2s of root-knot nematodes move intercellularly, whereas the J2s of cyst nematodes pierce and enter cells one by one, thereby causing more damage to the host tissue. At the vascular cylinder the J2s of both nematode groups induce a specific hypermetabolic and hypertrophic long-term feeding structure from which nutrients are withdrawn. Root-knot nematodes induce the formation of several coenocytic giant cells, whereas cyst nematodes induce the formation of a syncytium, composed of hundreds of fused root cells (see Kyndt et al., 2013 , for a review). After induction, the nematodes become sedentary and feed exclusively from the particular feeding structure which serves as the only source of nutrients throughout their life of several weeks.
Overview of plant basal defence
Plants have evolved a complex defence system. Preformed elements of defence, such as cell walls and their reinforcements, are the first barrier for any kind of invaders (Underwood, 2015) . The plant defensive arsenal also includes a broad diversity of constitutively produced toxic phytochemicals (Broekaert et al., 1997) . Besides these, a sophisticated system of responses is induced upon infection that is based on the capability of plants to recognize and identify the invader.
At the molecular level, the following two-tiered detection system has evolved in plants for the purpose of pathogen recognition (Jones and Dangl, 2006; Dodds and Rathjen, 2010) .
(i) So-called pattern recognition receptors (PRRs) are localized at the cell surface and recognize pathogen-or microbial-associated molecular patterns (PAMPs or MAMPs). These PAMPs or MAMPs are evolutionarily conserved across a class of organisms and perform an important function during their life cycle. PAMPs or MAMPs activate host defence responses (PAMP-triggered immunity or PTI) through a complex signalling cascade. (ii) Virulent pathogens are able to overcome plant defence mechanisms by secreting so-called effectors into the host. These effectors interfere with PTI responses, thereby leading to effector-triggered susceptibility (ETS). Plants may simultaneously be able to recognize effectors with intracellular nucleotide-binding leucine-rich repeat receptor proteins (NLRs). Activation of NLRs leads to a stronger and more intense defence response (effectortriggered immunity, ETI), which often culminates in a form of programmed cell death, known as the hypersensitive response (HR).
The plant's basal disease resistance is activated by virulent pathogens on a susceptible host. Therefore, at first glance, basal defence is equal to PTI minus the effects of ETS. The release of effectors to establish ETS will, however, most likely result in weak effector-triggered immunity (ETI) from a weak recognition of effectors. Accordingly, basal defence is defined as PTI plus weak ETI (Jones and Dangl, 2006) . Basal defence is considered to be the first line of defence in plants. The PRRs involved in this process are primarily receptor-like kinases (RLKs) or receptor-like proteins (RLPs), except for the extracellular glucan-binding protein which binds to the heptaglucoside released by the oomycetes Phytophtora sojae (Umemoto et al., 1995; Boller and Felix, 2009; Monaghan and Zipfel, 2012) . Structurally, RLKs consist of an extracellular receptor domain, a single membranespanning domain, and a cytoplasmic kinase domain (Shiu and Bleecker, 2001) . PRRs survey the apoplast not only for the presence of PAMPs but also for plant-derived compounds that are released by damaged host cells. Therefore, these plant-derived compounds are referred to as damageassociated molecular patterns (DAMPs). Once PAMPs or DAMPs are detected, the PRRs initiate a broad range of downstream signalling events, including bursts of calcium and reactive oxygen species (ROS), the activation of mitogenassociated and calcium-dependent protein kinases (MAPKs and CDPKs), cell wall reinforcement, and the massive reprogramming of the host transcriptome (see Macho and Zipfel, 2014 , for a review). These events can lead to restrictions in pathogen growth and development.
The downstream signalling responses in PTI as well as in ETI are regulated by a complex network of defence-related phytohormones such as jasmonic acid (JA), salicylic acid (SA), and ethylene (ET). In general, SA plays a more prominent role in plant defence against biotrophs whereas JA and ET are more important in resistance against necrotrophic pathogens and herbivorous insects (Kessler and Baldwin, 2002; Glazebrook et al., 2003) . However, several exceptions for this general rule have been described in literature (see Denance et al., 2013 , for a review). In addition, this view is mainly based on observations from leaf pathogenesis and only limited information is available on the role of defencerelated phytohormones in resistance against root pathogens (Gutjahr and Paszkowski, 2009) .
Plant basal defence against nematodes
The invasion of roots by nematodes causes tissue damage which is likely to generate cell wall fragments that could act as DAMPs and induce a PTI-like basal defence response. Whether such DAMP-based activation truly occurs during nematode invasion and whether it has any significance in terms of host susceptibility to nematodes remains to be clearly observed. Although extensive studies have been conducted to characterize the role of basal defence in various pathosystems, certain challenges impede the performance of such studies in plant-nematode interactions. The four major challenges are as follows: (i) The synchronization of early infected material, (ii) the isolation of infective material during the early stages of nematode infection, (iii) the differentiation of general DAMP-associated host responses from specific responses associated with nematode recognition, and (iv) the absence of a reliable transformation system for PPNs. As a consequence, very little information is available pertaining to nematode-induced basal defence in plants.
Compared with basal defence, the second level of plant responses to nematodes, ETI, is relatively well studied. Several nematode resistance genes have been described, and their mode of action is relatively well investigated (see Goverse and Smant, 2014 , for a review). Similarly, an impressive number of studies have documented the nematode's ability to suppress host defences at all levels (PTI and ETI). Since a number of older and more recent reviews have described and discussed all these studies in detail (Quentin et al., 2013; Goverse and Smant, 2014; Mantelin et al., 2015) , we attempted to focus on the relevance of host basal defence responses during nematode infection in the present review. To provide a better overview on the topic we have divided it into three main parts. The first section discusses the function of preformed structural defences including cell walls and the endodermis as barriers to nematode entry. In the following, general damage responses associated with nematode invasion are reviewed. The final part deals with nematode-specific triggers of the basal defence response. In this context, the potential of several evolutionary conserved molecules, such as ascarosides, chitin, and the nematode cuticle as nematodeassociated PAMPs (NAMPs) is discussed. At the end, we briefly explore the role of nematode effectors in manipulating host basal defence.
Preformed defences
Cell walls are barriers to all PPNs
Regardless of their feeding habits, all PPN species must penetrate the cell wall to access the cell interior for feeding. As described above, nematodes use their stylet to puncture the cell wall with physical force while simultaneously releasing a cocktail of secretions into the host to aid in penetration. Except for a few cell-wall-degrading enzymes (CWDEs) and cell wall-modifying proteins (CWMPs), the composition of this secretion cocktail is largely unknown. A list of the CWDEs and CWMPs that are released during nematode penetration was presented and discussed in a review by Bohlmann and Sobczak (2014) . The list includes pectate lyases, cellulases, expansins, polygalacturonase (PG), endo-1, 4-β-xylanase, 1, 4-β-endoglucanase, and a cellulose binding protein (CBP). Among these, expansins and CBPs do not exhibit enzymatic activity, but they bind to cell wall components and thereby weaken its structure. However, these data have been collected from four different sedentary nematode species, including three cyst nematodes and one root-knot nematode. Taking into consideration that cell wall composition differs significantly in the plant kingdom, it is reasonable to assume that the composition of the secretion cocktails also differ significantly among nematode species (Zeier et al., 1999) . A recent review has described different aspects of cell wall modifications during plant root infection by nematodes (Wieczoreck, 2015) . Therefore, we will only describe some selected aspects of cell wall changes that are associated with host basal defence activation during plant-nematode infection.
The role of PG, PG-inhibiting proteins (PGIP), and oligogalacturonan (OG) in plant-nematode interaction
An often underrated role for nematode CWDEs is their involvement in activating DAMP-triggered immunity through cell wall damage. PG is a good example for this role. PG enzymes are released by a variety of pathogens, and they hydrolyse homogalacturonan, a major pectin in the plant cell wall and thus facilitating infection (Bishop et al., 1981) . However, plants encode PG-inhibiting proteins (PGIPs) that block the complete hydrolysis of homogalacturonan and thus promote the formation of oligogalacturonides (OGs) (See Table 1 for all abbreviations) (Hahn et al., 1981; Cervone et al., 1987 Cervone et al., , 1989 . OGs are oligomers of α-1, 4-linked galacturonic acid, and they act as DAMPs to induce defence responses (Hahn et al., 1981; Benedetti et al., 2015) . Previous work showed that nematodes produce PGs that can be secreted into a host and may play a role in parasitism (Jaubert et al., 2002) . Moreover, the expression of PGIPs has been shown to be induced in host plants upon nematode infection (Veronico et al., 2011) . At present, the contributions of PG, PGIP, and OG to plant-nematode interactions remain elusive. It will be interesting to investigate whether OGs are indeed produced upon nematode infection and whether these OGs play a role in mediating basal defence responses similar to those of other pathogenic interactions.
Specialized cell walls: the endodermis
Root vascular tissue is ensheathed by a specialized cell layer called the endodermis. The apoplast of the endodermis is sealed through cell wall reinforcements such as lignin deposition in radial and transverse cell walls, so-called casparian strips, and the impregnation of primary cell walls with suberin (Naseer et al., 2012) . In this way, free diffusion of water and nutrient molecules in or out of the vascular tissue and its penetration by certain pathogens can be blocked (Enstone et al., 2002; Ranathunge et al., 2011) . The incorporation of lignin and suberin into endodermal cell walls appears to be ideal for its function as a physical and physiological barrier. Lignin, an aromatic polymer, provides structural integrity and suberin, a hydrophobic polymer of an aliphatic and an aromatic domain, seals the tissue (Boerjan et al., 2003; Franke and Schreiber, 2007) . Together, they increase resilience against enzymatic degradation.
Is the endodermis an effective barrier against nematodes? There is currently no clear answer to this question. Nevertheless, one can draw certain conclusions from the manner in which nematodes migrate and feed inside the roots (Fig. 1 ). For instance, migratory endoparasitic nematodes, such as Pratylenchus, feed entirely from the cortex, suggesting an inability to cross the endodermis to exploit the plentiful food source that is the vascular tissue (Pitcher et al., 1960) . By contrast, sedentary endoparasitic root-knot nematodes, such as Meloidogyne, establish their feeding sites within the vascular tissue. However, these nematodes do not cross the endodermis directly. To circumvent the endodermal barriers, they enter the root at the elongation zone of the root tip, migrate within the cortex to the root meristem, which does not possess cell wall reinforcements, and enter the central cylinder from the anterior side through the differentiation zone (Wyss et al., 1992; Abad et al., 2009) . Unlike migratory and root-knot nematodes, cyst nematodes, such as Heterodera and Globodera, are able to penetrate vascular tissues at any root zone (Wyss and Zunke, 1986; Bohlmann and Sobczak, 2014) , suggesting that they have an efficient endodermis crossing ability.
In addition to its role as a physical barrier, the endodermis may also affect the development of nematodes by altering the Fig. 1 . Model of four different migration habits of plant-parasitic nematodes in a root. Ectoparasitic nematodes feed from the outside, the soil environment, on root cells. They take up the cytoplasmic content of the cell with the stylet. Because they do not enter the cell entirely they cause relatively less damage to the root tissue. Root-knot nematodes and cyst nematodes have a sedentary endoparasitic life style. Root-knot nematodes enter the root close to the tip. They move intercellularly in the root tissue towards the root tip and circumvent the endodermis in order to enter the vascular tissue where they initiate giant cells. Cyst nematodes enter the root at an undetermined point. They move intracellularly towards the vascular tissue and cross the endodermis. Within the vascular tissue they establish syncytia. Endoparasitic migratory nematodes move within the cortex while they feed on single cells, taking up the cytoplasmic content. They live freely in the soil and lay eggs within the root tissue.
at ULB Bonn on March 12, 2016 http://jxb.oxfordjournals.org/ Downloaded from flow of water and mineral nutrients in and out of the feeding sites that have been established by sedentary nematodes (Baxter et al., 2009) . This hypothesis again emphasizes the importance of the endodermis during nematode infection of plants.
Changes in suberin and lignin deposition upon nematode infection
In addition to their universal presence in the endodermis, the biosynthesis of suberin and lignin can also be induced through external triggers, including pathogen infection in various plant tissues (Lulai and Corsini, 1998; BagniewskaZadworna et al., 2014) . These observations raise a question as to whether suberin and lignin depositions are also induced upon nematode infection. A survey of the literature affirms that lignin may play a role in plant-nematode interactions. In fact, researchers have found that resistance to migratory nematodes correlates with increased lignin content in the cell walls of resistant banana plants. These plants also respond to nematode infection by further lignification of cell walls (Wuyts et al., 2007; Dhakshinamoorthy et al., 2014) . Similarly, changes in the lignin composition strongly influence plants susceptibility to the root-knot nematode Meloidogyne incognita (Wuyts et al., 2006) . Furthermore, treating rice plants with a non-protein amino acid, β-aminobutyric acid (BABA), has recently been shown to delay the development of the root-knot nematode Meloidogyne graminicola. Histological and biochemical analyses suggested that basal defence responses, such as callose deposition, lignification, and ROS production, were activated upon BABA treatment in these plants (Ji et al., 2015) . Interestingly, the root-knot nematode Meloidogyne javanica seems to counter lignin-mediated basal defences through the repression of genes involved in lignin biosynthesis as early as 24 h after infection (Portillo et al., 2013) . Cytological investigations of grasses and cereals resistant to the root-knot nematode Meloidogyne naasi showed that cells undergoing a resistance response deposit callose as well as suberin (Balhadere and Evans, 1995) . Although the contribution of suberin to nematode resistance has not been studied in this case, its co-occurrence with callose during infection hints at suberin's role as an important component of the host's basal defence. Intriguingly, most of the data about suberization and lignification have been collected on root-knot nematodes. Therefore, it will be interesting to analyse the role of these cell wall reinforcements in other types of plant-nematode interaction.
Identification of polymer-degrading enzymes released by nematodes
Nematodes are highly adaptive and sophisticated creatures. Inevitably, they may produce enzymes to degrade suberin and lignin. However, little effort has been made to identify lignin or suberin-degrading enzymes in nematodes and the existing literature pertaining to the presence of these enzymes in nematodes is scarce. This is especially true for suberindegrading enzymes. However, fungal and bacterial cutinases that degrade suberin do appear in the literature (Ofong and Pearce, 1994; Martins et al., 2014) . Recently Naseer et al. (2012) showed that the overexpression of a cutinase gene in the endodermis of Arabidopsis thaliana (Arabidopsis) leads to a strong decrease in suberin in these plants, suggesting that this enzyme catalyses a broader range of substrates. Could it be possible that nematodes have adapted a similar mechanism to degrade suberin? More research is required before conclusions can be drawn concerning the capacity of PPNs to produce suberin-degrading enyzmes. Compared with suberin, more progress has been made regarding lignin-degrading enzymes. Rai et al. (2015) recently identified two putative lignin-degrading enzymes in the pine wood and potato cyst nematode, whereas these enzymes are absent in the majority of the other nematode species analysed. The presence of putative lignin-degrading enzymes in pine wood nematodes indicates that this species is highly adapted to overcome the relatively higher amount of degradation-resistant polymers in the cell walls of pine wood trees. These data also support the hypothesis that the composition of the secretion cocktail may vary in different nematode species and that it mirrors the defence barriers of the host plant.
Damage-associated responses to nematode infection
Callose-mediated resistance to nematodes
Callose is a plant polysaccharide made of glucose residues that are joined by β-1, 3 linkages, which are known as β-glucans. The deposition of callose between the cell wall and the plasma membrane upon wounding, pathogen infection or PAMP treatment is indicative of PTI (Luna et al., 2011) . In addition, callose deposition has also been shown to modify the size exclusion limit of plasmodesmata and thus contributes to the regulation of symplastic transport (Wolf et al., 1991) . However, the role of wound or pathogen-induced callose deposition during plant-nematode interactions is not well researched.
The ring nematode Criconemella xenoplax is primarily an ectoparasite that feeds on root epidermal cells. Callose-like material is deposited between the plasma membrane and the stylet of C. xenoplax in all cells whose cell walls were damaged by the stylet. This deposition leads to the encasement of the stylet in a thick layer of callose, where it comes into contact with the plasma membrane of the feeding cell with the exception of its aperture (Hussey et al., 1992) . Similar observations have been made during the incompatible interaction between the cyst nematode Heterodera glycines and Arabidopsis. In this instance, ultrastructure analyses indicated that many basal defence responses, including callose-like depositions, are activated upon infection (Grundler et al., 1997; Waetzig et al., 1999) . Although callose-like depositions have been observed during compatible and incompatible interactions, the relevance of these depositions to plant susceptibility is not understood. However, a recent study has shown that the overexpression of the ethylene response transcription factor RAP2.6 in Arabidopsis decreased the susceptibility of these plants to Heterodera schachtii. This decreased susceptibility was accompanied by elevated expression of JA-related genes and enhanced callose deposition at nematode infection sites (Ali et al., 2013) . The importance of callose in resistance to root-knot nematodes in rice, cereals, and grasses has already been mentioned in connection with suberin and lignin (Balhadere and Evans, 1995; Ji et al., 2015) . These findings suggest that callose depositions in and around nematode infection sites could influence the infection rate of the nematodes. Surprisingly, no difference in susceptibility to H. schachtii was observed in Arabidopsis callose-deficient mutants, gsl5 (glutan synthase like 5). Interestingly, the expansion of syncytia that was induced by H. schachtii was significantly reduced in AtBG_ppap (Arabidopsis thaliana β-1,3-glucanase putative plasmodesmal associated protein) mutants, which are deficient in callose degradation, supporting the importance of this process in syncytium expansion (Hofmann et al., 2010) .
In considering these various studies, we hypothesize that callose deposition is elicited as a basal defence response during nematode migration in host roots. Nevertheless, the amount and extent of deposition may vary depending on certain factors, such as host compatibility, nematode migration style, and feeding behaviour. Future research should aim to correlate the variations in callose deposition with the susceptibility of host plants by means of newly developed histological, microscopic, and genetic tools. Primarily, the lines that are altered in terms of callose deposition and degradation ability should be tested against different nematode species. This exploration will help to establish the relevance of callose deposition in basal resistance against nematodes.
Transcriptomic changes in the host during the nematode's migratory phase
To gain an insight into which plant basal defence responses are triggered by nematodes, it is necessary to analyse the host tissues at the time-point when they first come into contact with nematodes. However, only a handful of studies have addressed the changes in gene expression that occur during the early stages of nematode invasion. Considering the economic importance of sedentary nematodes, it is not surprising that almost all of these studies explore infection with these species.
One of the initial analyses involved tomato roots during invasion by M. incognita through a method that ensured synchronized infection. A differential display expression analysis revealed that eight genes were increased upon infection and most of these genes were also shown to be induced upon wounding (Lambert et al., 1999) . Genome-wide expression studies were performed next. The first study was performed on tomato roots upon M. javanica and M. incognita infection. These authors cut the root tips of infected plants 24 h after inoculation to ensure sampling during the migration phase. The subsequent expression analysis showed that some of the defence-related genes were up-regulated including pathogenesis-related protein 1 (PR1) (Bhattarai et al., 2008) . However, another study revealed contrasting results in which down-regulation of defence-related genes, including PR1, was observed in tomato root segments containing galls induced by M. javanica at 24 h after infection (Portillo et al., 2013) . This inconsistency could be explained by the fact that root samples at different infective stages were used in these studies. The samples in Portillo et al. (2013) were collected at a time point when gall formation had already started. By contrast, Bhattarai et al. (2008) collected roots tips 24 h after inoculation. In this case, the swelling of root tissue has not been addressed as an indicator for the successful induction of feeding sites. Therefore, some of the responses observed in Bhattarai et al. (2008) could be due to wounding. A recent transcriptomic analysis has been performed on very small Arabidopsis root segments that were infected with cyst nematodes. Importantly, only the infection sites were cut where nematodes were still in the migratory phase, as defined by lasting stylet movement. In these samples, the expression of defence-related genes, especially those related to JA, was significantly increased compared with uninfected control roots (B Mendy et al., unpublished data; Kammerhofer et al., 2015) .
By contrast with the few studies on the migratory phase, a number of studies have analysed changes in gene expression during the later stages of nematode infection using feeding sites induced by sedentary endoparasitic nematodes. These data revealed that host defence responses are strongly suppressed (Jammes et al., 2005; Szakasits et al., 2009; Barcala et al., 2010; Ji et al., 2013) . The conclusion from these studies is that nematode invasion may induce defence responses during migration which are suppressed during the later stages of nutrient acquisition and feeding in sedentary nematodes. By contrast, migratory nematodes induce a defence response that is persistent regardless of the time point after inoculation (Kyndt et al., 2012; see Kyndt et al., 2014 , for a review). However, it is not clear whether the early defence activation in response to sedentary as well as migratory nematodes is related to a specific recognition of nematodes by the host (NAMPs) or a general response to tissue damage (DAMPs). In the future, the focus should be on developing tools and assays that can help to differentiate between the two responses.
Reactive oxygen species (ROS) in plant-pathogen interactions
The production of reactive oxygen species (ROS) in the apoplast (oxidative burst) is one of the earliest defence responses observed in various plant-pathogen interactions during PTI and ETI (Doke, 1983; Torres et al., 2002 Torres et al., , 2006 . However, the quantity and amplitude of ROS production varies depending on the plant-pathogen interactions (Feng and Shan, 2014) . In general, ETI is accompanied by a biphasic ROS accumulation with a low-amplitude, transient first phase, followed by a second sustained higher intensity phase. Only a low-amplitude, transient first phase occurs during PTI (Torres et al., 2006) .
Although ROS can be produced in organelles that have a high metabolic activity, it is generally recognized that, during an oxidative burst, the major source of ROS are the plasma membrane-bound NADPH oxidases. They are designated as Rboh (for Respiratory burst oxidase homologue) at ULB Bonn on March 12, 2016 http://jxb.oxfordjournals.org/ Downloaded from in plants. The genetic analyses of mutants that are disrupted in Rboh function indicate that they are required for the production of a full oxidative burst in response to a variety of pathogens (Torres et al., 2002) . However, this lack of ROS production has variable effects on the response of plants to pathogens in terms of both cell death and resistance. On the one hand, ROS positively correlates with plant resistance by strengthening cell walls via cross linkages, lipid peroxidation, membrane damage, and the activation of defence genes (Levine et al., 1994; Yoshioka et al., 2003; Montillet et al., 2005; Torres et al., 2006) while, on the other hand, it is an important susceptibility factor for the successful infection of plants by various pathogens. The mechanistic details regarding the pathosystem-specific role of ROS is, however, as yet unknown. Nonetheless, the observation that Rboh mutants over-accumulate SA, ethylene, and other antimicrobial compounds upon pathogen infection has led to the widely accepted belief that an antagonistic interaction between ROS and SA is responsible for the reduced susceptibility of mutants to various pathogens (Torres et al., 2005; Kadota et al., 2014) . A recent publication also suggests that Rboh may be guarded by an NLR, leading to a strong activation of immune responses in mutants that are deficient in Rboh genes (Kadota et al., 2014) .
ROS and the defence response in plant-nematode interactions
A few studies have highlighted the production of ROS in the context of nematode-plant interaction. The first analyses to demonstrate the involvement of ROS-related metabolites were on tomato plants infested with M. incognita (Zacheo et al., 1982) . Using enzymatic assays, the researchers detected peroxidase and superoxide dismutase (SOD) activities in resistant and susceptible tomato cultivars. They observed a slight increase upon infection in susceptible cultivars compared with control plants. Waetzig et al. (1999) were the first to show the plasma-membrane localization of ROS in Arabidopsis roots during an incompatible interaction with H. glycines. Although they did not investigate the source of ROS in this particular study, the plasma membrane localization of ROS led the authors to suggest that plasma membrane-based oxidases might be responsible for ROS production (Grundler et al., 1997; Waetzig et al., 1999) . A recent study has shown that the generation of ROS, in the form of an oxidative burst, occurs very early during host as well as non-host interactions in resistant tomato plants carrying the nematode resistance gene Mi upon M. incognita infection. Nevertheless, the intensity and duration of the oxidative burst is enhanced in cells undergoing HR (Melillo et al., 2006) .
Although the occurrence of ROS has been shown to correlate positively with an enhanced resistance to nematodes, the direct involvement of ROS in basal defence remains to be seen. To fill this gap, we have recently characterized the role of Rboh-mediated ROS during a compatible interaction between Arabidopsis and H. schachtii. Arabidopsis encodes ten Rboh homologues (RbohA-RbohH) and our results have indicated that nematode infection triggers ROS production in the roots, which are dependent on RbohD (Siddique et al., 2014) . The susceptibility of mutants disrupted in RbohD or RbohD/F showed a strong decline compared with the control. Infection assays with M. incognita produced similar results (C. Matera et al., unpublished data) . Further, the plants' susceptibility to nematodes was not restored after crossing Rboh mutants with SA-deficient mutants, thereby suggesting that the role of ROS in promoting infection is independent of SA. The question that then arises is whether Rboh-mediated ROS serves to promote the formation of a feeding site in ways other than modulating immune responses. In fact, it has been found that cyst nematodes secrete the putative effector molecule 10A06 into the host that interacts with the host spermidine synthase 2 protein (SPDS2), thereby increasing the spermidine (spd) content in the infected tissues. Spd is the main substrate for polyamine oxidase (PAO) and degradation of spd by PAO results in the production of ROS (H 2 O 2 ) which, at low concentrations, may function as a signalling molecule to stimulate the expression of antioxidant genes in the infected tissue .
Future work will have to provide mechanistic details for the dual role of ROS during plant-pathogen interaction in general and plant-nematode interaction in particular. In this context, it will be important to produce transgenic lines with inducible promoters and variable capacities to produce ROS upon infection.
Nematode-specific triggers of the basal defence response
PAMPs, DAMPs, and now NAMPs
Although no NAMPs or PRRs that can detect NAMPs are currently known, some recent work suggests that plants are indeed capable of recognizing nematodes. For example, brassinosteroid-associated kinase 1 (BAK1) is a member of the leucine-rich repeats receptor-like kinase (LRR-RLK) family, and it forms receptor complexes with various PRRs to regulate their responses positively. BAK1 also regulates immune responses that are triggered by the binding of Arabidopsis PRRs to the DAMP AtPep1 (23-aa peptide) (Heese et al., 2007) . BAK1 knockout mutants show an enhanced susceptibility to a plethora of pathogens because of defects in mounting basal defence responses (Schwessinger et al., 2011) . A recent publication showed that silencing the Arabidopsis homologue of BAK1 in tomatoes significantly increased the susceptibility of these plants to nematodes because of defects in basal defence (Peng and Kaloshian, 2014) . These data indicate that putative NAMPs or DAMPs may activate a BAK1-mediated basal defence response upon nematode recognition. However, the identity of ligands whose recognition is mediated by BAK1 and corresponding PRR remains unknown. This compound may be a protein because BAK1 has been shown to act as a co-receptor for PRRs belonging to the LRR-RLKS family which typically detects proteinaceous ligands. In the following sections, we discuss the role and potential of various conserved nematode molecules as NAMPs.
Ascarosides elicit plant defence responses and pathogen resistance
Ascarosides are an evolutionary conserved group of small signalling molecules that regulate a number of sex-specific, developmental, and social behaviours not only in Caenorhabditis elegans but also in many other nematode species (Ludewig and Schroeder, 2013) . Structurally, ascarosides are glycosides (of dideoxy sugar ascorylase) that carry a fatty acid-derived lipophilic side chain and are secreted in the nematode's surroundings (Manosalva et al., 2015; Schroeder, 2015) . More than 200 different ascaroside structures have been identified from various nematode species which indicate that ascarosides are well conserved among nematodes (Schroeder, 2015) . Their size and evolutionarily conserved nature and the fact that ascarosides are secreted into nematode surroundings make them good candidates for detection by nematode hosts. Arthrobotrys oligospora, a nematophagous fungus, recognizes and responds to ascarosides by initiating the formation of nematode-trapping devices (Hsueh et al., 2013) .
A recent study investigated the potential of ascarosides as NAMPs recognized by host plants. A metabolomic analysis of excretions has shown that several genera of PPNs, including M. incognita, Meloidogyne hapla, and H. glycines, can secrete a similar set of ascarosides. Among the ascarosides that were identified, ascr8 was the most abundant in all plant-parasitic nematodes. Ascr18 features an 11-carbon side chain and is produced in trace amounts by C. elegans as well as entomopathogenic nematodes (Manosalva et al., 2015) . Interestingly, a previous metabolomic profile of C. elegans acyl-CoA oxidase mutants (acox-1) showed an increase by 29 times in ascr 18 abundance compared with control worms (von Reuss et al., 2012) . To explore whether ascr18 induces a defence response in Arabidopsis, the expression of PTI genes in plants treated with ascr18 was measured via qPCR. The findings showed that local as well as systemic defence responses are activated in response to ascr18 treatments. Moreover, the plants that were treated with ascr 18 were less susceptible to a broad range of pathogens, including nematodes, when compared with untreated control plants. These authors concluded that plants may recognize ascarosides as conserved signalling molecules which leads to the activation of PTI-like basal defence responses (Manosalva et al., 2015) .
The discovery that ascarosides activate defence responses in plants raises a number of key questions that should be answered before conclusions can be drawn with regard to the role of ascr18 as a NAMP. One of the most fundamental questions is whether ascr18 is recognized by host surface receptors. In C. elegans, ascaroside perception is mediated by a diverse family of G protein-coupled receptors (GPCRs) that act upstream of conserved signalling pathways, including insulin/IGF-1 and transforming growth factor beta (TGF-β) signalling (Zwaal et al., 1997; Lans and Jansen, 2007) . When compared with animals, the presence of GPCRs in plants remains controversial. An example was found in Arabidopsis, in which a genome analysis has identified 56 putative GPCRs. Recent studies, however, suggest that none of them are GPCRs (Taddese et al., 2014) . Future research should therefore aim to characterize the receptors and pathways that mediate ascaroside signalling in host plants. Analysing nematodes with an enhanced capacity to produce ascr18 for their ability to infect plants will also be crucial. This could be achieved by manipulating the expression of receptors such as ACOX1 in plantparasitic nematodes by performing RNAi.
Chitin as a potential NAMP
The role of chitin as a NAMP has been debated frequently. Chitin is a polymer of N-acetyl-d-glucosamine and, as such, is an important component of fungal cell walls; it is absent in plants. Nevertheless, plants secrete chitinases upon fungal infection which degrade fungal cell walls and release chitooligosaccharides. These chitooligosaccharides are perceived by plants and trigger plant defence responses and resistance against fungal pathogens (Wan et al., 2008) . The presence of chitin has been well documented in the eggshells of various nematode species, including the PPNs M. javanica, Globodera rostochiensis, H. glycines, and H. schachtii (Clarke et al., 1967; Mcclure and Bird, 1976; Perry and Trett, 1986) . More recently, chitin has been localized in the pharyngeal lumen walls of C. elegans (Wan et al., 2008) . Although chitin is detected unambiguously in the eggshells of all nematodes, its presence during the different stages of parasitism in PPNs remains to be verified, making its role as a NAMP questionable. Nonetheless, chitin is involved in the production of eggshells. Therefore, plants may be exposed to nematodederived chitin during the reproductive stages of endoparasitic nematodes. This finding may be particularly relevant in the case of migratory endoparasitic nematodes which usually lay eggs inside plant roots. With respect to these different studies, future research should aim to characterize the host mutants that are impaired during various aspects of chitin perception.
Surface coat and cuticle
The nematode cuticle is a complex structure that performs a diverse set of functions, besides its role as an exoskeleton that maintains the nematode body's morphology. The important role of nematode cuticles during movement and growth is protection against the external environment, including microbes (Spiegel and Mcclure, 1995; Davies and Curtis, 2011) . The surface coat (i.e. the outermost layer of the cuticle) is in direct contact with the nematode's environment. A number of studies have shown that nematode surfaces, as well as their secretory products, are rich in glycoproteins. Therefore, the domains of these carbohydrates are ostensibly recognized in animals by the calcium-dependent carbohydrate binding of the receptor protein family known as C-type lectins (Perrigoue et al., 2008) .
Compared with mammals, very few C-type lectins are characterized in plants. In fact, Arabidopsis has only one C-type lectin, the function of which remains unknown. However, Arabidopsis still contains 45 members of the lectin receptor kinase family (LecRKs), which are involved in the regulation of a number of processes (Bouwmeester and Govers, 2009 Therefore, one can reasonably assume that some of these LecRKs may be involved in the recognition of NAMPs. Indeed, a recent publication has shown that LecRKs may play a critical role in mediating PTI responses upon insect infestation by recognizing PAMPs or DAMPs in rice plants (Liu et al., 2015) . Similarly, the overexpression of Arabidopsis LecRKs in potato and Nicotiana benthamiana resulted in significantly enhanced resistance to the pathogenic oomycete Phytophthora infestans (Bouwmeester et al., 2014) . Therefore, the identification of LecRKs that detect NAMPs in crop plants may contribute to increased resistance against nematodes in the future.
Lessons from animal-parasitic nematodes
Similar to PPNs, there are no universal NAMPs for animalparasitic nematodes. However, a little bit more work has been done in animals on the recognition of worms, including nematodes. The well-described potential NAMPs in animals are glycan moieties that are present on the surface of nematodes or in extracellular secretions (ES). Nippostrongylus brasiliensis is a gastrointestinal parasite of rodents and a fraction of its ES fluid has been shown to be capable of inducing type II immunity in mice (Balic et al., 2004) . Nevertheless, the mechanistic details and the exact identity of the component in ES fluid that triggers the immune response remain unknown. Another example of a potential NAMP in an animal-parasitic nematode is ES-62, a phosphorylcholinecontaining glycoprotein that is secreted by the rodent filarial nematode Acanthocheilonema viteae. This ES-62 glycoprotein is able to interact with a class of animal PRRs, namely the toll-like receptor TLR4, leading to an immunomodulation that is conducive to the health of both the worm and the host (Goodridge et al., 2005) . ES-62 is widely conserved among human filarial nematodes, and our analysis has shown that weak homologues are present in many PPNs, including H. schachtii (S Siddique et al., unpublished data) . However, the functional characterization of ES-62, including its role as a NAMP in plant-nematode interaction, remains unknown. In addition to secretions from the surface coat, nematodes release proteases into the surrounding environment that are capable of damaging cells and thus can be perceived as DAMPs. Therefore, the role of proteases in the production of DAMPs is frequently discussed in cases of animal-parasitic nematodes. Considering that the overall structure of PAMP signalling pathways are surprisingly similar in plants and animals in that both involve membrane receptors, ROS production, Ca 2+ fluxes, transcription factors, and inducible gene expression (Ausubel, 2005) , it will be interesting to discover whether these strikingly similar systems also perceive components that are common in both groups of parasitic nematodes.
Nematode effectors suppressing host basal defence responses
Even though effectors are not the focus of this review, some current publications on their PTI-suppressing potential have to be mentioned for completeness. Given the variety of responses that may arise during basal defence in host plants, it is expected that nematodes will release a number of effectors that may suppress these responses. Moreover, the repertoire of these effectors may vary between nematodes because of their different lifestyles and host range.
Indeed, an increasing number of PTI-suppressing effectors have been characterized during the last few years (see Mantelin et al., 2015 , for a review). Nevertheless, the mechanistic details for most of these PTI-suppressing effectors are not fully known. One of the better characterized examples is the venom-allergen like protein 1 (VAP1) from G. rostochiensis (Lozano- . VAP1 is released into the apoplast of the host tissue and is thought to suppress the activation of DAMP-associated defence responses during nematode migration. The discovery that VAP1 can suppress DAMP-associated defence responses suggests that DAMP-based responses are not only activated but also play an important role in deciding the outcome of the interaction. Another example of a nematode effector that is secreted into the host apoplast and suppresses basal defence is a calreticulin that is secreted by M. incognita (Mi-CRT). The overexpression of Mi-CRT in Arabidopsis renders these plants more susceptible to various pathogens. Furthermore, the deposition of callose, as well as the expression of defence-related genes, was decreased significantly upon PAMP treatment in Mi-CRT overexpression lines. In addition to nematode effectors that suppress host basal defence, the nematodes' surface has been shown to be coated with antioxidant molecules that protect them from oxidative stress triggered by tissue damage (Mantelin et al., 2015) .
The identification of nematode effectors that suppress plant basal defence has proved to be challenging. However, the ongoing transcriptome and genome sequencing of several PPN species will expedite this identification which may help to explain why certain defence responses are not effective or even activated during plant infection.
Concluding remarks
PPNs are fascinating creatures that are capable of infecting and feeding on a huge number of crop plants. The activation of host basal defences during nematode infection are reviewed here (See Fig. 2 for an overview) . Although nematodes seem to activate both PAMP-triggered and DAMPtriggered host responses during their migration inside the roots, the molecular details and relevance of these responses to host susceptibility remain largely unknown. Indeed, the extent to which nematode susceptibility is influenced by the activation of host basal defences may vary and depend on a number of factors including the host-nematode combination, the nematode effector repertoire, and individual infection events. Understanding the signalling events and networks that are activated during nematode migration inside the root will certainly be of great interest, potentially allowing for manipulations leading to enhanced plant resistance to nematodes. A challenge for future research would be to disconnect a specific response to nematode recognition from the general damage-associated defence response. To accomplish this goal, it will be crucial to develop assays and tools that can differentiate between the two responses. Furthermore, it will also be critical to identify additional molecular players that are involved in host defence activation in response to nematode infection. In this way, we can specifically interfere in different aspects of the host responses and study the consequence of such manipulations on the outcome of the infection process.
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